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(54) Process and apparatus for removing oxygen and carbon monoxide from a gas stream 



(57) The invention concerns an apparatus and proc- 
ess for purifying a gas stream comprising a major por- 
tion of an inert gas and a minor portion of oxygen are 
provided. The process involves contacting a feed gas 
stream (100) first with a membrane separation unit (101 ) 
to remove most of the oxygen from the feed gas. Then 



the non-permeate stream (102A) (or retentate), contain- 
ing a smaller amount of oxygen, and which may have a 
varying oxygen concentration, is fed to a catalytic reac- 
tor (I) with a hydrocarbon gas (104), which reacts with 
any residual oxygen to form H 2 0, C0 2 and CO. This 
stream is then fed to a reactor (II) containing a metal 
oxide, which reacts with the CO to convert it to C0 2 . 
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Description 




Conventional membrane systems employed to produce gaseous nitrogen from air typically produce high purity 
nitrogen gas. The nitrogen purity level can be greater than 99 volume percent. The flow rate at high purity levels, 
5 however, tends to be too low to be useful because energy requirements escalate significantly with increasing purity 
if levels of nitrogen. Therefore, this method of producing high purity nitrogen gas is not very efficient. 

Alternatively, the membrane system can be operated more economically by increasing the outlet flow rate of the 
purified nitrogen. The effect of a higher nitrogen outlet flow rate is that higher concentrations of oxygen, as well as 
other impurities, are entrained in the "purified" nitrogen gas stream, thus producing a nitrogen gas stream of lower 
10 purity. If the membrane system is operated at a high outlet nitrogen flow rate, the most objectionable impurity in the 
nitrogen gas stream is oxygen. Oxygen is harmful in most uses of the nitrogen as an inert gas because oxygen'is an 
oxidizer. Therefore, the presence of oxygen is not desirable in an inert gas environment or in a gas to be used to 
produce a reducing atmosphere, which is required in many applications such as in heat treating metal parts. 

Another problem with membrane separators is that the concentration of oxygen in the nitrogen product stream is 
is not constant from moment to the next moment, that is, if the setpoint or target oxygen concentration in the nitrogen 
stream is 2 volume percent, the concentration of oxygen may actually vary over time from 1 .8 volume percent or lower 
and up to 2.2 volume percent or higher 

The residual oxygen in a nitrogen gas stream outlet from a membrane generator may be removed by combustion 
with methane or some other hydrocarbon within a chemical reactor containing a hot active catalyst which is capable 
20 of facilitating the reaction of oxygen with the hydrocarbon, thus "burning out" or combusting the residual oxygen. How- 
ever, even when using the best operating parameters, burning the residual oxygen with a hydrocarbon may produce 
other impurities such as carbon dioxide, carbon monoxide, and water vapor This process is well known and is described 
in U.S. Pat. No. 5,242,509 to Rancon et al. 

The carbon dioxide and water vapor impurities are relatively inert and, thus, are not objectionable in many subse- 
ts quent uses of this purified nitrogen gas mixture. The carbon monoxide impurity, however, is a reducing agent and, 
potentially, a poisonous contaminant. This problem may be a severe impediment to the use of purified nitrogen produced 
by burning residual oxygen impurities out of a contaminated source of nitrogen. Moreover, if the feed to the chemical 
reactor is the nitrogen product stream from a membrane purifier, as stated previously the oxygen content of the nitrogen 
stream varies from moment to moment, and thus the carbon monoxide impurity will vary from zero to some positive 
30 value. 

Consequently, several processes have been developed to remove carbon monoxide from a gas such as air, argon, 
or nitrogen. For example, U.S. Pat. No. 3,758,666 to Frevel et al. discloses a process for removing carbon monoxide 
from air by initial adsorption and subsequent oxidation to carbon dioxide on the surface of a catalyst. The catalyst 
comprises metallic palladium on an alumina support. 

35 Another example of such a process is described in U.S. Pat. No. 4,808,394 to Kolts et al. This patent discloses 

the use of a catalyst which facilitates the oxidation of carbon monoxide with free oxygen to carbon dioxide. The disclosed 
catalyst is reduced platinum and/or palladium on an alumina support. 

Other patents describe a process of reacting carbon monoxide with oxygen gas to produce carbon dioxide using 
different types of catalysts. For example, U.S. Pat. No. 4,991,181 to Upchurch et al. discloses a catalyst containing a 

40 platinum group metal (in a reduced condition) and a reducible metal oxide. The metallic element in these reducible 
metal oxides may be tin, titanium, manganese, copper, or cesium. 

In all of the above processes, the noble metal catalytic component was in a reduced or metallic state. Therefore, 
it was necessary to add oxygen gas to the feed gas stream in order to promote the conversion of carbon monoxide to 
carbon dioxide. The oxygen source was either in the starting gas stream itself or, more typically, from an outside gas 

45 stream. In addition tooxygen gas, these processes require hydrogen to regenerate (or reduce) the platinum or palladium 
component of the catalyst. Obviously, the addition of oxygen and hydrogen gases increases the cost of such processes. 

In view of the above prior art processes, a need exists in the art for an efficient and economical membrane purifi- 
cation process to produce a high purity inert gas stream which is free of undesirable impurities such as oxygen and 
carbon monoxide. More particularly, a need exists in the art for a process that effectively removes carbon monoxide 

50 from an inert gas stream without the need for using hydrogen or an added oxygen gas, and without regard to the flow 
rate of the inert gas. 

In accordance with the present invention, apparatus and process are provided for purifying a stream of nitrogen 
or another inert gas initially contaminated with oxygen and then carbon monoxide so as to minimize the reducing effect 
of carbon monoxide and its potential threat of toxicity. 
55 in one aspect of the present invention, a process is presented for purifying a gas stream characterized by the steps 

of contacting said feed gas stream with a membrane at conditions effective to produce an oxygen rich permeate stream 
and an inert-rich retentate or non-permeate stream; passing said inert gas rich non-permeate stream and a hydrocarbon 
fuel gas through a catalyst bed at conditions effective to react substantially all of the oxygen in said inert gas rich 
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permeate stream with saif^l gas to produce an effluent gas stream compri^^ nitrogen, water vapor, carbon dioxide, 
and carbon monoxide; and passing said effluent gas stream through a reaction zone comprising a metal oxide at 
conditions effective to convert substantially all of said carbon monoxide to carbon dioxide and thus produce a purified 
gas stream substantially free of carbon monoxide. Preferably, the metal oxide is selected from the group consisting of 
palladium oxides, platinum oxides, and nickel oxides. It should be noted that the inert gas rich non-permeate stream 
will have an oxygen concentration which varies slightly over time around a set-point of target value for percent oxygen. 

A second aspect of the present invention is an apparatus for purifying a gas stream comprising a major amount 
of an inert gas and a minor amount of oxygen to form a c, \s stream comprising carbon dioxide and substantially no 
carbon monoxide, the apparatus characterized by a meniorane purifying unit having a membrane inlet, a permeate 
outlet and a non-permeate outlet; a catalyst bed which receives as its feed the non-permeate, a contactor, a contactor 
gas inlet and a contactor gas outlet, the contactor having an internal reaction zone space at least partially filled with a 
metal oxide, the metal oxide present in sufficient volume for contacting an outlet gas stream from the catalyst bed with 
the metal oxide at conditions effective to convert substantially all of the carbon monoxide to carbon dioxide and thus 
produce a purified gas stream substantially free of carbon monoxide. 

Preferably the contactor includes an oxidizing gas inlet and an oxidizing gas outlet, allowing the residual metal 
which was formerly oxidized to be regenerated and form anew the metal oxide. Particularly preferred are methods and 
apparatus of the invention wherein two or more reactor vessels are arranged in parallel flow relationship with respect 
to the gas stream which is to be purified. In the case where there are two reactor vessels in parallel, a first reactor 
vessel can be functioning in the carbon monoxide removal mode, while a second reactor vessel is being regenerated, 
as is further described herein. 

The apparatus and process of the present invention provide a more efficient and economical means for producing 
a gas stream comprising carbon dioxide and an inert gas. One advantage of the inventive apparatus and process is 
that means are provided for removing carbon monoxide from a stream of nitrogen or another inert gas without the 
addition of hydrogen or oxygen gas to the feed gas stream, and without regard to the flow rate of the feed gas stream. 
Also, it does not matter if the feed gas stream to the reactor vessel containing the metal oxide varies in carbon monoxide 
concentration, thus solving a major problem with previous methods. 

The product gas stream from the process and apparatus of the present invention has a variety of uses, including 
heat treatment atmospheres, electronics packaging atmospheres for processes such as wave soldering and reflow 
soldering, as well as others which may be envisioned by those skilled in the art. 

FIG. 1 is a schematic flow diagram (reduced in scale) for the removal of carbon monoxide from a feed gas stream 
with an apparatus in accordance with the present invention; 

FIG. 2 illustrates many of the same features described in FIG. 1, however, FIG. 2 has two reactor beds instead of 
one to convert the carbon monoxide in a feed gas stream to carbon dioxide; and 

FIG. 3 illustrates in graphical form the consequences of a varying oxygen concentration in the impure nitrogen 
feed to a prior art catalytic reactor 

The process of the present invention comprises removing carbon monoxide from a nitrogen gas or other inert gas 
stream which has been produced by membrane separation of air (wherein the oxygen concentration in the nitrogen 
stream may vary) and then treated in a hydrocarbon processing (i.e., combustion) step to remove residual oxygen to 
produce a stream containing essentially nitrogen, carbon monoxide, and carbon dioxide. 

The maximum amount of carbon monoxide in the feed gas stream to the contactor that may be removed by the 
process and apparatus of the present invention may be greater than 5000 ppmv (i.e., parts per million, by volume and 
hereinafter referred to simply as ppm), for example from 50 to 30,000 ppm, but preferably it is 500 ppm or lower. The 
carbon monoxide concentration in the feed stream may vary if the feed stream is the product nitrogen gas stream from 
a hydrocarbon processing step. 

In the first steps of the inventive process, the gas stream to-be purified is fed to a membrane separation unit. The 
membrane may comprise composite or asymmetrical hollow fibers, as are known in the membrane purification art. In 
hollow fiber membranes, typically a "bundle" of hollow fibers are used comprising a plurality of hollow fibers. The feed 
gas preferably enters into and flows through the central space, or bore side region of the hollow fibers. If the inert gas 
is nitrogen, a nitrogen-rich non-permeate (or retentate) stream is collected in a bore side region manifold. An oxygen- 
rich stream is also collected at the permeate side and then usually vented from an enclosure surrounding the hollow 
fiber bundle. 

These membranes are preferably glassy membranes, such as polymer membranes made preferably from poly- 
imides, polyamides, polyamide-imides, polyesters, polycarbonates, polysulfones, polyethersulfone, polyetherketone, 
alkyl substituted aromatic polyesters, blends of polyethersulfone, aromatic polyimides, aromatic polyamides, polya- 
mides-imides, fluorinated aromatic polyimide, polyamide and polyamide-imides, cellulose acetates, blends thereof, 
copolymers thereof, substituted polymers (e.g. alkyl, aryl) thereof and the like. 
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These membranes are^^ferabiy asymmetric gas separation membran^^ 

In a pressure driven gas membrane separation process, one side of the gas separation membrane is contacted 
with a complex multicomponent gas mixture and certain of the gases of the mixture permeate through the membrane 
faster than the other gases. Gas separation membranes thereby allow some gases to permeate through them while 
s serving as a barrier to other gases in a relative sense. The relative gas permeation rate through the membrane is a 
{ f~ property of the membrane material composition and its morphology. It has been suggested in the prior art that the 
intrinsic permeability of a polymer membrane is a combination of gas diffusion through the membrane, controlled in 
part by the packing and molecular free volume of the material, and gas solubility within the material. Selectivity is 
determined by dividing the permeabilities of two gases being separated by a material. It is also highly desirable to form 
10 defect-free dense separating layers in order to retain high gas selectivity. 

Asymmetric membranes are prepared by the precipitation of polymer solutions in solvent-miscible nonsolvents. 
Such membranes are typified by a dense separating layer supported on an anisotropic substrate of a graded porosity 
and are generally prepared in one step. Examples of such membranes and their methods of manufacture are disclosed 
in U.S. Patents, 4,113,628; 4,378,324; 4,460,526; 4,474,662; 4,485,056; 4,512,893 and 5,085,676. USP 4,717,394 
75 shows preparation of asymmetric separation membranes from selected polyimides. 

Composite gas separation membranes typically have a dense separating layer on a preformed microporous sub- 
strate. The separating layer and the substrate are usually different in composition. Examples of such membranes and 
their methods of manufacture are disclosed in U.S. Patents 4,664,669; 4,689,267; 4,741,829; 2,947,687; 2,953,502; 
3,616,607; 4,714,481; 4,602,922; 2,970,106; 2,960,462; and 4,713,292. 
20 Composite gas separation membranes have evolved toa structure of an ultrathin, dense separating layer supported 

on an anisotropic, microporous substrate. These composite membrane structures can be prepared by laminating a 
preformed ultrathin dense separating layer on top of a preformed anisotropic support membrane. Examples of such 
membranes and their methods of manufacture are disclosed in U.S. Patents 4,689,267; 4,741,829; 2,947,687; 
2,953,502; 2,970,106; 4,086,310; 4,132,824; 4,192,824; 4,155,793; and 4,156,597, all incorporated herein by refer- 
25 ence. 

Composite gas separation membranes are generally prepared by multistep fabrication processes. Typically, the 
preparation of composite gas separation membranes require first forming an anisotropic, porous substrate. This is 
followed by contacting the substrate with a membrane-forming solution. Examples of such methods are shown in U. 
S. Patent 4,826,599; 3,648,845; 3,508,994, and 4,756,932. U.S. 4,756,932 shows forming composite hollow-fiber mem- 
30 branes may also be prepared by co-extrusion of multiple polymer solution layers, followed by precipitation in a solvent- 
miscible nonsolvent. 

According to one embodiment of the present invention, the membrane can be post-treated with, or coated by, or 
coextruded with, a fluorinated or perfluorinated polymer layer in order to increase its ability to withstand harmful con- 
stituents in the gas mixture at low levels or temporary contact with such components. 

35 The hollow-fiber spinning process depends on many variables which may affect the morphology and properties of 

the hollow-fiber membrane. These variables include the composition of the polymer solution employed to form the 
fiber, the composition of fluid injected into the bore of the hollow-fiber extrudate during spinning, the temperature of 
the spinneret, the coagulation medium employed to treat the hollow-fiber extrudate, the temperature of the coagulation 
medium, the rapidity of coagulation of the polymer, the rate of extrusion of the fiber, takeup speed of the fiber onto the 

40 takeup roll, and the like. 

It should be appreciated by those of skill in the art that the concentration of oxygen in a nitrogen stream from a 
membrane permeator will vary with time around a set-point or target value, and thus the feed stream to the catalytic 
reactor will have a varying oxygen content. 

The second step of the inventive purification process comprises feeding the permeate stream from the membrane 

45 separation unit to a catalytic reactor, along with a hydrocarbon gas. This step functions to combust substantially all of 
the residual oxygen in the inert gas-enriched non-permeate stream to C0 2 and CO. This process is described in U.S. 
Pat. No. 5,242,509. According to the invention, the catalytic reaction between the oxygen (which is initially present in 
nitrogen) and a hydrocarbon leads mainly to the formation of reducing species such as hydrogen and carbon monoxide. 
Water vapor and carbon dioxide are also formed, but in lesser quantity. If the reducing species/oxidizing species ratio 

50 is sufficiently high, the generated atmosphere protects heated metals against oxidation. This ratio is directly dependent 
on oxygen and hydrocarbon contents in the initial mixture, which contents may easily be adjusted. In practice, the 
quantities of hydrogen and carbon monoxide obtained by catalytic reaction, at a temperature between 400° and 900° 
C over a noble metal, are comparable to those produced by exothermic generators and are therefore perfectly suitable 
for protective thermal treatments. However, if the oxygen content of the feed is varying and the flow of hydrocarbon is 

55 constant, the amount of carbon monoxide produced will vary between zero and a positive value. The quantities of 
reducing species are between 2 and 30% of the atmosphere. In order that the reducing species resulting from the 
catalytic reaction represent 10 to 30% of the treatment atmosphere, the oxygen content in impure nitrogen should be 
relatively high, between 1 and 7%, typically between 3 and 7%, which requires that this low purity nitrogen be obtained 
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by air separation through piwfeation or adsorption and thus enables the proc^^according to the invention to be quite 
competitive with exothermic generators. 

In the process according to the invention, the use of noble metal base catalysts enables a higher selectivity towards 
the products obtained (mainly reductive species) and more favorable reaction kinetics, which enables the reaction to 
5 occur at relatively low temperatures (such as at 400°-500° C) and enables the reaction to occur in a reactor existing 
t fr- outside of the furnace, which permits a higher flexibility of use in large scale furnaces and in other types of thermal 
treatments. The reaction may also obviously be carried out in known manner, directly in the furnace. 

The process comprises contacting the effluent gas stream from the catalytic step with a metal oxide in a reaction 
zone at conditions effective to convert substantially all of the carbon monoxide present in the effluent gas stream to 

10 carbon dioxide, thus producing a purified gas stream consisting essentially of the inert gas and some carbon dioxide, 
and which is substantially free of carbon monoxide. 

As used herein the phrase "substantially free of carbon monoxide" depends on the end use of the purified gas; 
however, the term "substantially free" means that the amount of carbon monoxide in the purified gas stream is less 
than 5 ppm, or more preferably less than 1 ppm. This is true even if the carbon monoxide concentration in the feed 

is gas stream varies. To decrease the amount of carbon monoxide in the purified gas stream, one would either use more 
metal oxide, increase the residence time of the feed gas in the contactor, or both. Increasing temperature and/or pres- 
sure, while kinetically favoring the reaction between carbon monoxide and oxygen to produce carbon dioxide, must be 
carefully monitored in practice. Among other problems that might be created, increasing temperature too much might 
be detrimental to the conversion process due to possible sintering of the ceramic support material, and increasing 

20 pressure too much would require more costly pressure vessels. 

The metal oxide, according to the present invention, is preferably selected from noble metal oxides such as pal- 
ladium oxides (e.g., PdO, Pd0 2 ) and platinum oxides (e.g., PtO and Pt0 2 ), with palladium oxides being the most 
preferred. Nickel oxides (e.g., NiO, Ni0 2 ) may also be used. (The palladium, platinum, and nickel oxides are also 
referred to herein as "primary" metal oxides to distinguish them from promoter metal oxides, discussed herein.) Mixtures 

25 of metal oxides can also be employed, meaning that mixtures of oxides of a single metal atom may be used. Binary 
mixtures such as PtO/PdO, PtO^PdC^, PtO/Pd0 2 , NiO/PtO, and the like, as well as ternary mixtures such as PtO/ 
PdO/NiO, PtO^PdOg/NiO^ PtO/PdO^NiO, NiO/RO/Ni0 2 , and the like may be employed. The metal oxide may gen- 
erally be denoted MO x , wherein M designates a metal atom, O designates an oxygen atom, and x designates the 
number of oxygen atoms bonded to each metal atom. 

30 When speaking of the total metal oxide present in the reaction zone of the contactor, one may represent the metal 

oxide present at any given time as MO x , wherein x may range from zero when the oxygen has been completely depleted, 
up to 2 when the metal oxide is fully regenerated. At any given time between these two extremes, the metal oxide may 
be present as, for example, MO 0 5 , MC^ -,, MC^ 7 , and the like. 

If mixtures of metal oxides of two different metal atoms are employed, the weight percentage of the first metal 

35 atom to the total weight of metal atoms present may range from 1 to 99 weight percent, more preferably ranging from 
about 30 to 70 weight percent. 

Metal oxides commonly referred to as "promoters", such as disclosed in U.S. Pat. No. 5,182,088, which discloses 
use of CuO promoted with AgO, HgO, or CdO, may be present in conjunction with the above-mentioned metal oxides. 
If such promoter metal oxides are present, the weight percentage of promoter metal oxide to "primary" metal oxide (i. 

40 e. oxides of Pt, Pd and Ni) is at least about 0.01 weight percent, more preferably at least about 0.1 weight percent. 
Generally, it is unnecessary to use more than about 10 weight percent of the promoter Most preferably, the promoter 
is present at a weight ranging from about 0.2 to about 5 weight percent of the total weight of promoter and primary 
metal oxide. 

When promoter metal oxides are employed, the primary metal oxide of choice and the promoter metal oxide of 
45 choice are preferably prepared by coprecipitating both in the desired amounts, drying the material to a powdered form 
and then pressing the composition into tabets. A binder may be used for the pressing step, if necessary. Each of these 
steps are, individually, known to those skilled in the art and pose no unusual manufacturing problems. 

The amount of fully reduced noble metal on the support material preferably ranges from about 0.01 to about 10.0 
percent by weight of the support material, more preferably ranging from about 0.1 to 1 .0 percent by weight based on 
50 weight of fully reduced noble metal on the support material, and most preferably the fully reduced noble metal is present 
in an amount of about 0.5 percent by weight based on the weight of the support material. 

While not wishing to be bound by any particular theory, it is believed that the reaction of carbon monoxide with the 
metal oxide to produce carbon dioxide occurs because the carbon monoxide actually removes oxygen that had previ- 
ously combined with the metal to create the metal oxide. The metal oxide, therefore, is a source of oxygen for the 
55 carbon monoxide and does not act as a catalyst. The metal oxide is considered a chemical reactant and not a catalyst 
because it is consumed during the reaction. During the reaction, the metal oxide changes from an oxide to a reduced 
metal. 

Noble metal oxides are preferred over other types of metal oxides for two primary reasons. First, oxygen reacts 



5 
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with certain noble metals t^^oduce noble metal oxides. Second, noble met^^ides are relatively unstable compared 
to other metal oxides, such as iron oxide or chromium oxide. The instability of noble metal oxides means that the 
conversion of carbon monoxide to carbon dioxide can be carried out at lower temperatures because the noble metal 
oxide gives up its combined oxygen to form carbon dioxide from carbon monoxide more readily than other kinds of 
5 metal oxides. 

^ The noble metal oxide can be supported on any material well known in the art. A non-limiting list of examples of 
suitable support materials include those selected from the group of aluminas, aluminosilicates, silicas, silica-alumina 
mixtures, kieselguhr, titania extrudate, and mixtures of these. Alumina (aluminum oxide) is the most preferred support 
material. Aluminum oxide is commercially available in many forms, including brown, blue, ceramic, heat-treated, and 
10 fused aluminum oxide. All of these may be used as the catalyst support, or any combination thereof. 

In the practice of the present invention, the metal oxide plus support is typically placed in a contactor of any shape, 
preferably a tubular shape, and the feed gas stream passed therethrough, entering one end of the tube and exiting 
out the other end of the tube. The metal oxide and support is typically available as a particulate material, and the size 
of the particulate material generally and preferably ranges from about 1 .0 micrometer to about 1 0.0 micrometers, and 
75 preferably does not exceed 1/5 of the effective diameter of the contactor. It is more preferred that the support size be 
no more than about 1/10 of the effective diameter of the contactor. 

In some apparatus and process embodiments, it may be preferred to position support material (without "catalyst" 
thereon) upstream of, downstream of, or both upstream and downstream of the metal oxide/catalyst bed. One advan- 
tage for upstream placement: the plain support is less expensive than the metal oxide-loaded material, and in the 
20 upstream position it can act as a high area preheat zone to preheat the gases before they come in contact with the 
metal oxide-loaded support. Using the metal oxide-loaded material for this preheating process is uneconomical. Of 
course, there are other ways to preheat the gases but this method allows all preheating and "reacting" to occur within 
one vessel. An advantage for downstream placement: downstream placement of the plain support material creates 
another preheat section for incoming gases if the flow direction must be reversed for any reason during the process 
25 or during any periodic "cleaning" steps that must be performed within the system. For example "carbon fouling" some- 
times occurs within reactive systems employing hydrocarbons or carbon monoxide and this carbon must be "burned 
out" in a separate step using heat and very low concentrations of oxygen in an inert gas. 

According to a preferred aspect of the invention, certain relationships exist between the pressure drop across the 
membrane (i.e., P drop between the feed and the permeate), the temperature of the feed (i.e., the temperature of the 
30 membrane after temperature equilibration between the feed flow and the membrane itself) and the feed flowrate. It 
has been discovered that, for a certain constant flowrate of the feed gas on the membrane and temperature of the feed 
gas, when the pressure differential across the membrane increases, the recovery of less permeable species decreases 
on the non-permeate or "residue" side of the membrane while this concentration increases on the permeate side of 
the membrane. Accordingly, it is preferred, according to the invention, to have a pressure drop across the membrane 
35 which is not high, usually smaller than 2000 psig (13,900 kPa), preferably between 3 and 200 psig (122 to 1480 kPa) 
and most preferably between 20 and 60 psig (240 to 515 kPa). 

As far as the feed gas mixture is usually obtained at substantially atmospheric pressure, there is either the option 
to compress this feed to have a sufficient pressure drop across the membrane (but this is not preferred because, 
usually, many of the species present in the feed may deteriorate the compressor) or create on the permeate side of 
40 the membrane a pressure lower than atmospheric pressure (which is the preferred solution because most of the species 
which may harm the vacuum means are retained in the non-permeate side of the membrane). To create this depression 
on the permeate side of the membrane, any vacuum pump or any other suction means is usually adequate. Whatever 
pressure drop across the membrane is chosen, according to the disclosure given hereabove, it is preferred to have a 
higher feed flow than a lower feed flow (even if such a system can work with a variable flowrate of the feed): the highest 
45 the feed flow, the highest the recovery. This feed flow can vary from to 0 to 1 0 s Nm 3 /hr per square meter of membrane 
available for separation, preferably 10 -4 to 10 Nm 3 /h and more preferably between 0.1 and 0.5 Nm 3 /h. 

The temperature of the feed flow and/or the membrane shall also have an influence on the recovery of nitrogen 
and oxygen. Usually, when the feed and/or the membrane temperature increases, then for a constant flowrate and 
pressure drop, the species of the gas mixture tend to permeate more through the membrane, particularly those which 
50 already permeate faster at lower temperature. For example, species which permeate faster through the membrane at 
ambient temperature will permeate even much faster through the membrane at higher temperatures, e.g.,50°Cto60°C. 

Usually, the temperature of the feed and/or the membrane can vary between 10°Cand 100°C, preferably between 
10°C and 80°C, and much more preferably between ambient temperatures (usually 20°C to 25°C) and 60°C. 

The residual oxygen in a nitrogen gas stream outlet from a membrane generator may be removed by combustion 
55 with methane or some other hydrocarbon within a chemical reactor containing a hot active catalyst which is capable 
facilitating the reaction of oxygen with the hydrocarbon, thus "burning out" or combusting the residual oxygen. However, 
even when using the best operating parameters, burning the residual oxygen with a hydrocarbon may produce other 
impurities such as carbon dioxide, carbon monoxide, and water vapor. This process is well known and is described in 



EP 0 792 679 A1 



U.S. Pat. No. 5,242,509. 




The conversion of carbon monoxide, in the effluent gas stream from the catalytic step, to carbon dioxide proceeds 
at elevated temperatures in the reaction zone of the contactor (in other words, in the presence of the metal oxide), 
preferably at temperatures ranging from about 50 to about 350°C, more preferably ranging from about 200 to about 
5 300°C. The pressure in the reaction zone of the contactor preferably ranges from about 1 atm to about 1 5 atm (approx. 
: fr- 101 kPa to about 1520 kPa), with higher pressures tending to be more favorable than lower pressures. However, a 
more preferred pressure range (if the original source of impure gas is a membrane system) ranges from about 3 atm 
to about 10 atm (approx. 304 kPa to about 1013 kPa). 

The process and apparatus of the invention can be operated at almost any gaseous feed gas flow rate, so long 
to as a sufficient quantity of hot metal oxide remains in the reaction zone. Feed gas flow rates as low as 1.0 standard 
cubic foot per hour (scfh - 1.0 atm and 70°F) (0.02628 meters 3 /hour - 1.0 atm and 0.0°C) at 0.9 pounds per square 
inch gauge (psig) (1 08 kPa) and 250°C (using 46.8 g of 0.5 weight percent palladium deposited on an alumina support) 
and as high as 56.9 scfh (1.50 meters 3 /hour) at 75.5 psig (622 kPa) and 250°C (using 15.6 g of 0.5 weight percent 
palladium deposited on alumina support) have been tested, with no significant differences in performance. Highest 
is flow rates and pressures are preferred because these conditions permit the smallest reaction zone sizes. 

As previously mentioned, the apparatus of the invention may have one or more reactors or contactors, at least 
one of which contains the oxidized metal. The contactors can be operated continuously or batchwise. 

The feed gas stream may have a constant carbon monoxide concentration, or a varying carbon monoxide con- 
centration. One advantage of the process and apparatus of the invention is that if this carbon monoxide concentration 
20 varies (for example because the oxygen concentration in the nitrogen stream from a membrane separator is varying 
between ± 1 volume percent of setpoint or target) the process and apparatus of the invention will remove substantially 
all of the carbon monoxide to form a stream of nitrogen and carbon dioxide. 

Purified gas streams produced according to the present invention preferably comprise less than about 1 .0 ppm of 
carbon monoxide, more preferably less than 0.5 ppm of carbon monoxide. 
25 Unless a continuous supply of oxygen is mixed with the carbon monoxide containing feed gas stream, the con- 

version of carbon monoxide to carbon dioxide ceases when the metal oxide has been completely reduced. Therefore, 
after the conversion of carbon monoxide has progressed so that a major portion of the metal oxide becomes reduced, 
the carbon monoxide to carbon dioxide conversion process should be stopped. 

An oxygen-containing regeneration gas, preferably an oxygen-rich regeneration gas, is then introduced into the 
30 reaction zone to regenerate the reduced metal. The regeneration gas passing through the partially or completely re- 
duced bed of the metal oxide re-oxidizes it. After regeneration is complete, the oxidation of carbon monoxide may 
resume. 

The regeneration gas preferably contains a sufficient concentration of oxygen to allow a reasonably rapid conver- 
sion (or reconversion) of the reduced (or partially reduced) metal oxide back to the metal oxide form. However, pure 

35 oxygen is preferably avoided during this re-oxidation process because a rapid (and generally uncontrollable) oxidation 
reaction, accompanied by a significant system temperature increase, may decrease the effective surface area of the 
metal oxide deposited on the inert support (e.g. , on the alumina) by sintering or partially melting some of this composite 
material. This decrease in effective surface area may permanently damage the efficiency of the reactant bed. 

Generally, the regeneration gas comprising inert gases (such as nitrogen, argon, helium, and the like) containing 

40 up to about 2.0 percent oxygen (by volume) can safely be used to oxidize (or re-oxidize) fully reduced active metals 
dispersed (in relatively low weight percentages) upon inert support materials. Of course, it will be readily understood 
by those skilled in the art that system operating temperatures and pressures must also be considered when employing 
this type of process. In other words, there are many possible conditions that may be safely employed during the oxi- 
dation process. These conditions will depend upon the particular system dimensions, active and inert material and 

45 containment vessel properties, as well as on convenient and desirable operating parameters. In any case, one may 
easily estimate maximum possible temperature increases that can be expected due to this type of oxidation reaction 
by properly employing standard thermodynamic property information as well as oxygen concentrations, gas flow rates, 
system pressures, and relevant system heat capacity data. 

In several actual experimental regeneration test trials, a gaseous mixture of nitrogen containing oxygen (in con- 

50 centrations ranging from about 50 to about 100 ppm) was employed to re-oxidize a bed of fully reduced palladium (0.5 
percent by weight) supported on an alumina substrate. This material was enclosed within a stainless steel reactor 
vessel and was heated to about 250°C prior to the introduction of the oxidizing gas at a flow rate of about 2.0 scfh 
(0.0526 meters 3 /hour) and at a pressure slightly greater than 1.0 atm (about 101.3 kPa). A thermocouple, within the 
center of the bed of the reduced metal, exhibited no significant temperature increases during the entire regeneration 

55 process. Of course, at higher oxygen concentrations, a hot zone (the site of the oxidation process which actually moves 
through the system bed in the same direction as the regeneration gas flow), and more significant bed temperature 
increases can be expected. However, one can control this temperature increase very precisely by controlling all re- 
generation parameters. 
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A preferred regenerat^^ondition is to use nitrogen (or any other inert^^) containing about 0.5 to 2.0 percent 
oxygen as the regeneration gas and to pass this gas mixture at about 1 .0 to 3.0 atm (about 101 .3 to 304 kPa) through 
the bed of reduced metal oxide that has been allowed to cool to about 200°C. A rapid re-oxidation process without a 
damaging increase in system temperature will occur. 
5 Alternatively, instead of permitting a major portion of the metal oxide to become reduced, an oxygen-containing 

f /r- gas stream may be introduced into the reaction zone along with the feed gas stream to regenerate the metal oxide in 
situ. In this embodiment, the amount of metal oxide that has been reduced does not reach an unacceptable level. Thus, 
the purification process can be carried out continuously. AnC in this case, the metal oxide acts as a true catalyst. 
Turning now to the drawing, FIG. 1 illustrates a mode of removing residual oxygen from a stream of nitrogen initially 
10 separated from a source of compressed air using a membrane purification system. A feedstream 100 of compressed 
air is fed to a membrane purifier 101. The compressed air contains approximately 78 percent nitrogen, 21 percent 
oxygen, and 1.0 percent argon. Membrane purifier 101 produces a non-permeate stream 102A rich in inert gas and 
containing about 0.5 to 5.0 percent oxygen and negligible amounts of other impurities or inert gases such as argon. 
The non-permeate stream 102A preferably contains less than 2.0 percent oxygen. However, the concentration of ox- 
15 ygen in stream 102A may vary from ± 1 volume percent of setpoint or target. Membrane purifier 101 also produces an 
oxygen rich stream 102B at the permeate side of the membrane. 

Non-permeate stream 102A is then mixed with a fuel gas 104, preferably methane, within a heated catalyst bed 
(I) in order to burn substantially all of the residual oxygen. The catalyst in catalyst bed (I) may be a noble metal catalyst, 
such as platinum or palladium, as described in U.S. Pat. No. 5,242,509, incorporated by reference herein, operated 
20 at a temperature ranging from about 250 to about 900°C (depending on the particular hydrocarbon fuel gas employed, 
the catalyst reaction bed design, the actual catalyst employed, and the gas flow rate and pressure conditions within 
the catalyst bed). The resulting gas stream 105 exiting the heated catalyst bed (I) may contain nitrogen and impurities 
such as carbon monoxide, carbon dioxide, water vapor, and small quantities of methane and argon. The concentration 
of carbon monoxide in the resulting gas stream 105 may range from about 50 to 500 ppm, or higher. 
25 The resulting gas stream 105 is then passed to a reactor bed (II) comprising a metal oxide that is capable of 

converting substantially all of the carbon monoxide to carbon dioxide. After the conversion, a product gas stream 106 
leaves reactor bed (II) and consists essentially of nitrogen, carbon dioxide, and water vapor. The carbon dioxide and 
water vapor can be removed easily in a subsequent adsorption step or process (not illustrated) to produce a more 
purified nitrogen gas stream. 

30 Preferably the methane added to catalyst bed I (through gas stream 104) is only slightly in excess of the exact 

stoichiometric quantity needed to completely react with the excess oxygen in stream 1 02A, and if stream 1 02 A contains 
about 98 percent nitrogen and 2.0 percent oxygen, the gas mixture leaving catalyst bed I (105) will consist essentially 
of approximately 97 percent nitrogen, 1 .0 percent carbon dioxide, 2.0 percent water vapor, small quantities of carbon 
monoxide (about 50 to 5,000 ppm), and very small quantities of other impurities such as argon and traces of methane. 

35 The stoichiometric reaction between methane and oxygen, at elevated temperatures, is: 



CH 4 (g) + 20 2 (g) = C0 2 (g) + 2H 2 0(g) 

40 However, carbon monoxide tends to form during the combustion of any hydrocarbon when there is an excess (more 
than stoichiometric) quantity of the hydrocarbon over the amount needed to react completely with all of the oxygen 
actually present. This is illustrated graphically in FIG. 3. In FIG. 3, the concentration of oxygen in the feedstream 102A 
to the catalytic reactor is plotted against time. Also, the concentration of carbon monoxide in stream 105 is plotted 
against time. It can be appreciated that as the concentration of oxygen varies, for example cyclicly around a setpoint 
45 concentration of 2 volume percent in the product stream of nitrogen from a membrane air separator, the amount of 
carbon monoxide in feed stream 105 will vary between zero and a positive value. Advantageously, the process and 
apparatus of the present invention may be operated to remove carbon monoxide from the feed stream 105 even if the 
concentration of carbon monoxide varies, as illustrated. 

While reactor bed (II) can be operated without an added gas stream containing oxygen, a portion 103 of the non- 
50 permeate stream 102A can be bypassed around the heated catalyst bed (I) by opening valve 114 and combining it 
with the carbon monoxide-containing gas stream 105 exiting the heated catalyst bed (I) to regenerate the reduced 
metal, which is formed during the conversion of carbon monoxide to carbon dioxide, in situ. Thus, if a portion of stream 
103 is passed to reactor bed (II) simultaneously with stream 105, the conversion of carbon monoxide to carbon dioxide 
in reactor bed (II) can be carried out continuously (i.e., catalytically) and without the need to take reactor bed (II) off- 
55 line to regenerate the reduced metal. 

In an alternative embodiment, the flow of stream 105 could be stopped by closing valve 111 when the metal oxide 
in reactor bed (II) becomes reduced to an unacceptable level, and a portion 103 of the non-permeate stream 102A 
can then be introduced directly into reactor bed (II) to regenerate the reduced metal, again by opening valve 114. 



ft 



EP 0 792 679 A1 

During regeneration, ail or^fetantially ail of the oxygen in stream 1 03 react^fci the reduced metal to form the metal 
oxide. It should be noted that the reduced metal is also a very good reactant with the oxygen. As a result, the regen- 
eration effluent from reactor bed (II) comprises substantially pure nitrogen, which can be combined with the product 
gas stream 106. Further, rather than stream 103, stream 102B could be used to regenerate the reactor bed (II) if 
temperature is controlled so as to avoid overheating the support material. 

Table I schemetically describes the composition (in moles) of gas leaving Bed I and Bed II. 
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Table i 



Gas 


Bed I 


Bed II 


Nitrogen 
Carbon Dioxide 
Carbon Monoxide 
Water Vapor 
Total Moles 


A 
B 
C 
D 

N=A+B+C+D 


A 

B+C 

Zero (less than 0.5 ppm) 
D 

N=A+(B+C)+D 



Table 2 schemetically describes the composition (in volume or mole percentages) of gas leaving Bed I and Bed II. 



Table II 



20 



25 



30 



35 



40 



45 



50 



55 



Gas 


Bed I 


Bed II 


Nitrogen 
Carbon Dioxide 
Carbon Monoxide 
Water Vapor 


100 (A/N) 
100 (B/N) 
100 (C/N) 
100 (D/N) 


100 (A/N) 

100(B+C)/N 

Zero (less than 0.5 ppm) 

100 (D/N) 


Approximate Moles of Specific Gas Leaving: 


Gas 


Bed I 


Bed It 


Nitrogen 
Carbon Dioxide 
Carbon Monoxide 
Water Vapor 
Total Moles 


A 
B 
C 
D 

N=A+B+C+D 


A 

B+C 

Zero (less than 0.5 ppm) 
D 

N=A+(B+C)+D 


Approximate Volume (or Mole) Percentages of Gases Leaving: 


Gas 


Bed I 


Bed II 


Nitrogen 
Carbon Dioxide 
Carbon Monoxide 
Water Vapor 


100 (A/N) 
100 (B/N) 
100 (C/N) 
100 (D/N) 


100 (A/N) 

100 (B+C)/N 

Zero (less than 0.5 ppm) 

100 (D/N) 


Note: Volume and Mole Percentages are the Same: 



Changes in the specific gas concentrations leaving beds I and II mainly involve carbon dioxide and carbon mon- 
oxide. In fact, the carbon dioxide concentration leaving bed II is preferably only slightly higher than its concentration 
in the gas stream leaving bed I, but changes in the carbon monoxide concentration are preferably much greater. For 
example, if the initial carbon dioxide and carbon monoxide concentrations leaving bed I are about 20,000 and 500 ppm 
(respectively), then the final carbon dioxide and carbon monoxide concentrations leaving bed II will be approximately 
20,500 and less than 0.5 ppm (respectively). This change in the carbon dioxide concentration ratio may be designated 
by the factor of 20,500/20,000 or about 1.025 (i.e., there is only a slight increase in the carbon dioxide concentration). 
The corresponding change in the carbon monoxide concentration ratio is approximately 0.5/500 or 0.001 (i.e., there 
is a one thousand fold decrease in the carbon monoxide concentration). 

FIG. 2 illustrates many of the same features described in FIG. 1 . However, FIG. 2 has two reactor beds instead of 
one to convert the carbon monoxide in stream 105 to carbon dioxide. Reactor bed (III), which also contains an oxidized 
metal, allows for cyclical switching between reactor bed (II) and reactor bed (III) using valves 112, 114, 116 and 118. 
Each of these beds may be alternatively oxidized with an oxygen-containing gas stream 103 while the other bed is 
converting the nitrogen-rich gas stream 105 to produce a purified nitrogen gas stream 108. The purified gas stream 
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108 contains almost pure f^J^jen and very small quantities of carbon diox^lnd water vapor and practically no 
carbon monoxide. However, other gaseous impurities that are either inert or at very low concentration levels may also 
be present. Lines 107 and 109 are purge gas streams for reactor beds (II) and (III), respectively. These purge gas 
streams may be useful for initializing, testing, evaluation, and monitoring of individual bed performance, and are nor- 
s mally closed off by closing valves 1 20 and 1 21 . 

^ Alternatively, the process and apparatus of the invention may employ a parallel scheme wherein feed gas stream 
105 is split to form a plurality of feed gas streams 105a, 105b...105n, each of the feed gas streams passing through a 
corresponding plurality of reaction zones of corresponding -eactor vessels, to produce a corresponding plurality of 
purified nitrogen streams 108a, 108b,... 108n, which may or may not be joined to form a final purified stream 108. 

10 An additional and very important aspect of the present invention is that this gas purification process can be per- 

formed with very little regard to variances in the overall flow rate of the inert gas to be purified. As long as there is a 
sufficient supply of metal oxide in one of the reactor beds, the flow rate of stream 1 05 may vary over a very wide range. 
The main advantage of the present invention is that relatively complicated analysis and control systems needed to 
continuously adjust inlet oxygen and/or fuel gas flow rates to match changes in the downstream purified nitrogen 

15 demand flow rates and, thus, upstream feed gas flow rates are not necessary. 

The following examples are presented in further illustration of the present invention and should not be construed 
as unduly limiting the scope of the appended claims. All parts and percentages are by weight unless otherwise noted. 



Example I. Formation of Palladium Oxide and Its Use in Converting CO to C0 2 : 

20 

Several separate experiments were performed in order to prove that palladium oxide is capable of: 1) forming at 
250°C and 2) converting carbon monoxide to carbon dioxide at 250°C. In one of these experiments, a test reactor filled 
with 207. 1g of 0.5 percent palladium on alumina, available from DeGussa under the trade designation E252 P/D, was 
pretreated with hydrogen to fully reduce the (as received) material. This material was then fully oxidized at 250°C using 

25 a flowing mixture of nitrogen and oxygen, with the mixture flowing at about 2.3 scfh (0.060 meters 3 /hour) wherein the 
initial oxygen concentration in the nitrogen was about 85 ppm. After this oxidation reaction was completed (in approx- 
imately 7.5 hr as determined by measuring oxygen concentrations in the gas streams entering and exiting the "catalytic" 
reactor), another nitrogen gas stream (also flowing at about 2.3 scfh (0.060 meters 3 /hour)) containing only carbon 
monoxide as the primary impurity (at approximately 200 ppm) was directed into the same bed of fully oxidized material 

30 maintained at 250°C. A time period of about 12.5 hr elapsed before the carbon monoxide concentration in the outlet 
gas stream exceeded 0.5 ppm. Carbon dioxide concentrations were also monitored in the outlet gases at the same 
time, and it was found that the carbon dioxide concentrations did not increase significantly in the outlet gas stream 
until approximately 6.5 hr after the start of this purification process step. This delay in the onset of carbon dioxide 
breakthrough is thought to be due to adsorption of carbon dioxide, within the "catalyst'* bed, during the carbon monoxide- 

35 carbon dioxide conversion process. The concentrations, flow rates, and reaction times indicated in this example also 
signify a transfer of oxygen from the gas phase to form palladium oxide and then (in a subsequent step) a nearly 
quantitative transfer of oxygen between the palladium oxide and the carbon monoxide to form carbon dioxide. 

In a separate experiment, the same test reactor (at 250°C) was treated with a different mixture of flowing nitrogen 
and oxygen flowing at about 2.3 scfh (0.060 meters 3 /hour) wherein the initial oxygen concentration in the nitrogen was 

40 about 76 ppm. After this oxidation reaction was completed (in approximately 9.0 hr), another flowing nitrogen gas 
stream (also flowing at about 2.3 scfh) containing only carbon monoxide as the primary impurity (at approximately 200 
ppm) was directed into the same bed of fully oxidized material maintained at 250°C. In this case, a time period of about 
1 3.5 hr elapsed before the carbon monoxide concentration in the outlet gas stream exceeded 0.5 ppm. Carbon dioxide 
concentrations were also monitored in the outlet gases at the same time, and it was found that the carbon dioxide 

45 concentrations did not increase significantly in this outlet gas stream until approximately 7.0 hr after the start of this 
purification process step. 

These experimental results indicated that palladium oxide is capable of: 1) forming at 250°C and 2) quantitatively 
(or nearly quantitatively) oxidizing carbon monoxide to carbon dioxide at 250°C. 

so Example II. Carbon Monoxide Oxidation Using 0.5 Percent Palladium Oxide 

In this example, another batch of the same "catalyst" that was used in Example I was used with the following 
parameters: 



55 Mass of "catalyst" loaded to form reaction zone = 46.8 g 

Length of Reaction Zone = 7.62 cm (3.0 in) 
Mass of Ceramic Pre-Heat (Inlet) Zone = 275.9 g 
Length of Ceramic Pre-Heat (Inlet) Zone = 16.4 cm (6.5 in) 
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Mass of Ceramic Exit^jilet) Zone = 128.4 g 

Length of Ceramic Exit (Outlet) Zone = 7.6 cm (3.0 in) 

Total Mass of Ceramic = 404.3 g 

Total Length of Ceramic = 24.1 cm (9.5 in) 

Overall Length of Reactor = 39.9 cm (15.7 in) 

Internal Thermocouple (From Gas Outlet End) = 11.4 cm (4.5 in) 

Reaction Zone Temperature = 250°C 

Table 3 indicates the data collected using these parameters. 



Table 3: 



Carbon Monoxide Oxidation Using 0.5 Percent Palladium Oxide 3 ) 


Gas 
Flow 
(m 3 /hr) 


System 
Pressure 
(kPa) 


Gas 
Flow 
(scfh) 


System 
Pressure 
(psig) 


Inlet Concentrations (ppm) 


Outlet Concentrations (ppm) 


[CO] 


[C0 2 ] 


[o 2 ] 


[CO] 


[C0 2 ] 


[o 2 ] 






















0.026 


108 


1.00 


0.9 


155 


<0.5 


140 


<0.5 


124 


93 


0.056 


114 


2.13 


1.9 


151 


<0.5 


145 


<0.5 


134 


80 


0.300 


208 


11.41 


15.5 


151 


<0.5 


144 


<0.5 


182 


99 






















0.206 


166 


7.84 


9.4 


197 


<0.5 


99 


<0.5 


193 


9 


0.318 


216 


12.1 


16.7 


178 


<0.5 


117 


<0.5 


203 


60 


0.629 


329 


23.9 


33.0 


182 


<0.5 


114 


<0.5 


155 


38 b > 



a) Inlet concentrations were estimated; outlet concentrations were measured; initial CO in reactor cylinder: [CO] = 295 ppm; initial 0> in reactor 
cylinder: [0 2 ] = 296 ppm; N 2 corrected for air calibration FM = 1.021 ; Press, corr. (psig) = P + 0.3; gas flow rates corrected for and pressure; 
charged reactor pre-conditioned at 250°C with 2.0 scfh (0.053 m^/hr) of flowing N 2 containing about 80 ppm 0 2 for 24 nr. 

b) P inlet was 33.0 psig (329 kPa), P outlet was 23.4 psig (263 kPa). 



Example III. Carbon Monoxide Oxidation Using a 0.5 Percent Palladium Catalyst 

In this example, another batch of the same "catalyst" that was used in Examples I and II was used with the following 
parameters: 

Mass ofCatalyst" loaded into reactor = 15.6g 

Length of Reaction Zone = 2.54 cm (1 .0 in) 

Mass of Ceramic Pre-Heat (Inlet) Zone = 247.9 g 

Length of Ceramic Pre-Heat (Inlet) Zone = 15.1 cm (5.96 in) 

Mass of Ceramic Exit (Outlet) Zone = 157.5 g 

Length of Ceramic Exit (Outlet) Zone = 9.63 cm (3.79 in) 

Total Mass of Ceramic = 405.4 g 

Total Length of Ceramic = 24.8 cm (9.75 in) 

Overall Length of Reactor = 39.1 cm (15.4 in) 

Reactor OD/ID = 3.81/3.20 cm (1 .50/1 .26 in) 

Internal Thermocouple (From Gas Outlet End) = 11.2 cm (4.4 in) 

Reaction Zone Temperature = 250°C 

The results using these parameters are reported in Table 4. 
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Table 4: 



Carbon Monoxide Oxidation Using a 0.5 Percent Palladium Catalyst 8 ) 



Gas 
Flow 
(m 3 /hr) 


System 
Pressure 
(kPa) 


Gas 
Flow 
(scfh) 


System 
Pressure 

(psig) 


Inlet Concentrations (ppm) 


Outlet Concentrations (ppm) 


[CO] I [C0 2 ] 


[0 2 ] 


[CO] 


[C0 2 ] 


[0 2 ] 






















0.203 


140 


7.7 


5.6 


180 


<0.5 


115 


<0.5 


161 


82 b ) 


0.784 


347 


29.8 


35.6 


183 


<0.5 


112 


<0.5 


165 


30°) 


1.496 


622 


56.9 


75.5 


190 


<0.5 


105 


<0.5 


170 


30 d ) 



10 



15 



20 



25 



30 



a) Initial CO reactor cylinder: [CO] - 295 ppm; initial O^ reactor cylinder: [O2] = 294 ppm; N 2 corrected for air calibration FM = 1 .021 ; gas flow rates 
corrected for N 2 and pressure; charged reactor pre-conditioned at 250°C with 2.0 scfh (0.053 m 3 /hr) of flowing N 2 containing about 80 ppm 0 2 for 
60 hr.; internal thermocouple: ca. 0.32 cm (1/8 in) below top of catalyst bed. 

b) P inlet was 5.6 psig (140 kPa), P outlet was 5.0 psig (136 kPa). 

c) P inlet was 35.6 psig (347 kPa), P outlet was 31 .0 psig (31 5 kPa). 

d) P inlet was 75.5 psig (622 kPa), P outlet was 66.0 psig (556 kPa). 

Example IV: Carbon Monoxide Oxidation Using Ceramic Bed Only 

In this example, no "catalyst" was used on the support material, and the following parameters were employed: 

Mass of"Catalyst" loaded into reactor = 0.0 g 

Length of Catalyst Zone = 0.0 cm (0.0 in) 

Total Mass of Ceramic = 405.5 g 

Length of Ceramic Zone = 24.8 cm (9.75 in) 

Overall Length of Reactor = 39.9 cm (15.7 in) 

Internal Thermocouple (From Gas Outlet End) = 11.4 cm (4.5 in) 

System Temperature = 250°C 



The results are collected in Table 5. 

This data illustrated that the ceramic packing was ineffective in converting carbon monoxide to carbon dioxide at 
250°C and at flow rates greater than ca. 7.8 scfh (0.206 m 3 /hr) at P=9.4 psig (166 kPa) [i.e., the "catalyst" must be 
present to cause the changes that were measured and documented as illustrated by the previous two examples]. 



Table 5: 



Carbon Monoxide Oxidation Using Ceramic Bed Only a > 


Gas 
Flow 
(m 3 /hr) 


System 
Pressure 
(kPa) 


Gas 
Flow 
(scfh) 


System 
Pressure 

(psig) 


Inlet Concentrations (ppm) 


Outlet Concentrations (ppm) 


[CO] 


[C0 2 ] 


[o 2 ] 


[CO] 


[C0 2 ] 


[o 2 ] 






















0.0418 


111 


1.59 


1.42 


196 


<0.5 


99 


135 


50 


94 


0.0510 


113 


1.94 


1.75 


164 


<0.5 


132 


103 


56 


>100 


0.2062 


166 


7.84 


9.35 


197 


<0.5 


99 


200 


8 


>100 



a) Inlet concentrations were estimated; outlet concentrations were measured; initial CO in reactor cylinder: [CO] = 295 ppm; initial 02 in reactor 
cylinder: [02] = 296 ppm; N2 corr. for air calib. FM = 1.021; Press, corr. (psig) = P + 0.3; gas flow rates corrected for N2 and pressure; charged 
reactor preconditioned at 250 8 C with 2.0 scfh (0.0526 m 3 /hr) of flowing nitrogen containing about 80 ppm 02 for 24 hr.; 



The following conclusions can be drawn from the results obtained for examples I - IV 

Example I (above) illustrated, using experimental data, that palladium oxide was capable of forming at 250°C and 
was also capable of converting carbon monoxide to carbon dioxide at 250°C. Example II (above) illustrated the catalytic 
carbon monoxide to carbon dioxide conversion results that were obtained using a small scale laboratory reactor con- 
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taining a 3.0 inch catalyst^fc depth and operated at 250°C. Gas flow rat^^> to about 24 scfh (0.63 m 3 /hr) and 
internal pressures of about 33 psig (329 kPa) were employed during this study. Example III (above) illustrated the 
catalytic carbon monoxide to carbon dioxide conversion results that were obtained using a small scale laboratory 
reactor containing only a 1 .0 inch (2.54 cm) catalyst bed depth and also operated at 250°C. Gas flow rates up to about 
57 scfh (1.5 m 3 /hr) and internal pressures of about 75 psig (622 kPa) were employed during this study. Example IV 
(above) illustrated the fact that the catalytic support material alone (an alumina type of ceramic material) was almost 
completely ineffective in converting carbon monoxide to carbon dioxide under the same conditions that were effective 
in this conversion process when the metal oxide was present. This data (in Table 5) illustrated that the "catalyst" actually 
selected for this process is indeed responsible for the reactions that actually occur. 

The present invention has been described in detail with respect to certain preferred embodiments. However, as is 
understood by those skilled in the art, variations and modifications can be made without any departure from the scope 
of the present invention as defined by the following claims. 



Claims 

1 . A process for purifying a feed gas stream comprising a major portion of an inert gas and a minor portion of oxygen, 
said process being characterized by the steps of: 

(a) contacting said feed gas stream with a membrane at conditions effective to produce an inert gas-rich 
retentate stream and an oxygen-rich permeate stream; 

(b) passing said inert gas-rich retentate stream and a hydrocarbon fuel gas through a catalyst bed at conditions 
effective to react substantially all of the oxygen in said inert gas-rich retentate stream with said fuel gas to 
produce an effluent gas stream comprising nitrogen, water vapor, carbon dioxide, and carbon monoxide; and 

(c) passing said effluent gas stream through a reaction zone comprising a metal oxide at conditions effective 
to convert substantially all of said carbon monoxide to carbon dioxide and thus produce a purified gas stream 
substantially free of carbon monoxide. 

2. Process according to claim 1 , characterized in that said feed gas stream is air and said inert gas is primarily nitrogen. 

3. Process according to claim 1 , characterized in that said inert gas-rich retentate stream comprises from 0.1 percent 
to 5.0 percent oxygen by volume. 

4. Process according to claim 3, characterized in that said inert gas-rich retentate stream comprises 2.0 percent 
oxygen by volume. 

5. Process according to claim 1 , characterized in that said hydrocarbon fuel gas is selected from the group consisting 
of methane, ethane, propane, butane, or mixtures thereof, wherein the mixture includes natural gas. 

6. Process according to claim 5, characterized in that said hydrocarbon fuel gas is methane. 

7. Process according to claim 1 , characterized in the concentration of carbon monoxide in said effluent gas stream 
is no less than 50 ppm of carbon monoxide. 

8. Process according to claim 7, characterized by said effluent gas stream comprises no less than 500 ppm of carbon 
monoxide. 

9. Process according to claim 1 , characterized in that said purified gas stream comprises less than 1 00 ppm of oxygen 
and less than 1 ppm of carbon monoxide. 

10. Process according to claim 9, characterized in that said purified gas stream comprises less than 20 ppm of oxygen. 

11. The process according to claim 1, characterized in that said metal oxide in step (c) is reduced during contacting 
with said effluent stream to form a reduced metal, and wherein said reduced metal is regenerated by contacting 
said reduced metal with an oxygen-containing regeneration gas stream at conditions effective to oxidize said re- 
duced metal to form said metal oxide. 

12. Process according to claim 11 , characterized in that said reaction zone in step (c) has at least one reactor bed. 
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13. Process according to c^^ 12, characterized in that at least one reactor^K comprises said metal oxide and is 
contacted with said effluent gas stream to convert substantially all of said carbon monoxide to said carbon dioxide, 
and in that a second reactor bed comprises said reduced metal and is contacted with said oxygen-containing 
regeneration gas stream to regenerate said reduced metal. 

5 

14. Process according to claim 1 3, characterized in that a portion of said inert gas-rich retentate stream from step (a) 
is used as said oxygen-containing regeneration gas stream. 

15. Process according to claim 14, characterized in that a portion of said inert gas-rich retentate stream is brought 
10 into contact with said reduced metal to regenerate said reduced metal producing a purified nitrogen gas stream 

which is substantially free of both oxygen and carbon monoxide. 

1 6. Process according to claim 1 3, characterized in that an inert gas comprising carbon monoxide is alternately passed 
through at least one reactor bed comprising said metal oxide. 



75 



20 



17. Process according to claim 13, characterized in that said inert gas is primarily nitrogen. 

18. Process according to claim 11, characterized in that said oxygen-containing regeneration gas stream is passed 
into said reaction zone along with said effluent gas stream to regenerate said reduced metal in situ. 

19. Process according to one of claims 1 to 18, characterized in that said metal oxide is selected from the group 
consisting of palladium oxides, platinum oxides, nickel oxides, cupric oxide, silver oxide, or any suitable mixture 
thereof. 



25 20. Process according to claim 19, characterized in that said metal oxide is a palladium oxide. 

21 . Process according to claim 20, characterized in that said palladium oxide is supported on alumina or other suitable 
inert support material. 

30 22. Process according to claim 21, characterized in that said palladium (in reduced condition) is between 0.01 and 
10.0 percent by weight of the total weight of said palladium and said alumina or other inert support material. 

23. Process according to claim 22, characterized in that said palladium (reduced) is 0.5 percent by weight of the total 
weight of said palladium and said alumina or other inert support material. 

35 

24. Process according to claim 1, characterized in that said reaction zone in step (c) is operated at a temperature 
ranging from ambient to 350°C. 

25. Process according to claim 24, characterized in that said reaction zone in step (c) is operated at a temperature 
40 ranging from 100 to 300°C. 

26. The process according to claim 1 , characterized in that the inert gas-rich retentate stream has a varying oxygen 
concentration around a set-point value. 



45 27. Apparatus for purifying a feed gas stream comprising a major portion of an inert gas and a minor portion of oxygen, 
said apparatus comprising : 



(a) a membrane purifier having an inlet, a permeate conduit, and a non-permeate conduit; 

(b) a catalytic reactor unit having a catalytic reactor inlet and outlet, said catalytic reactor inlet taking feed from 
50 said non-permeate conduit; and 

(c) a contactor, the contactor having a contactor gas inlet and a contactor gas outlet, the contactor having an 
internal reaction zone space at least partially filled with a metal oxide, the metal oxide present in sufficient 
volume for contacting the gas stream with the metal oxide at conditions effective to convert substantially all 
of the carbon monoxide entering the contactor to carbon dioxide and thus produce a purified gas stream 

55 substantially free of carbon monoxide and oxygen. 

28. Apparatus in accordance with claim 27, characterized in that the contactor includes an oxidizing gas inlet and an 
oxidizing gas outlet, allowing the reduced metal which was formerly oxidized to be regenerated and form anew 



14 
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the metal oxide. 




29. Apparatus in accordance with claim 27, characterized in that two or more contactors are arranged in parallel flow 
relationship with respect to the feed gas stream, wherein a first contactor is adapted to function in a carbon mon- 
oxide removal mode, while a second contactor is adapted to operate in a regeneration mode. 
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